Ag solid lubricant films, with a thin Ti interlayer for enhanced adhesion, were sputter-deposited on Al 2 O 3 substrate disks to reduce friction and wear. The dual Ag/Ti films were C_ tested at room temperature in a pin-on-disk tribometer sliding against bare, uncoated Al 0 3 pins under a 4.9 N load at a w sliding velocity of 1 m/sec. The Ag/Ti films reduced the friction coefficient by 50 percent to about 0.41 compared to unlubricated baseline specimens. Pin wear was reduced by a factor of 140 and disk wear was reduced by a factor of 2.5 compared to the baseline.
The IBAD process provides a dense film which is in intimate contact with the substrate. Improved adhesion seems to be due to a continuous lubricant/substrate interface largely free of voids or contaminants. Although these films produced by the IBAD technique are tribologically successful, the deposition system is fairly complicated and expensive to operate. Also, at temperatures above 500 °C, the silver films have a tendency, through surface diffusion, to dewet the ceramic and "ball-up" compromising their lubricating ability.
One way to reduce silver's tendency to dewet at elevated temperatures and also to produce coatings in a simpler and less costly manner than IBAD is to use sputter deposition techniques and enhance adhesion by introducing an intermediate bond layer or coating between the substrate and the lubricant coating. Ideally, this layer should bond well to both the ceramic and the silver lubricating film without adversely reacting with or dewetting the lubricant over a wide temperature range.
Active transition metals, such as titanium, chromium, and copper have been used in the past to join or braze metals to oxide ceramics like Al 2 O 3 (Refs. 8 to 11). These metals function by reacting with the oxide substrate to form their own oxides and thus are well adherent yet they also retain their metallic nature at the free surface or interface to bond well to the overlay coatings such as lubricant films of silver.
The method used in our study to lubricate ceramics over a wide temperature range, therefore, is to use a thin (^250A) sputtered Ti bond layer between an Al 2 O 3 substrate and a thick (1.5 µm) silver lubricant layer. The titanium acts as a bond layer to improve adhesion, and the silver, due to its low shear strength, provides lubrication for the ceramic to reduce friction and wear. Also in this case, at elevated temperatures, silver wets titanium and hence the films are stable and will not dewet the Al 2 O 3 substrate.
To test this lubrication method, wear disks of Al 0, were coated with the Ag/Ti films and slid against uncoated Al2O3 pins in a pin-on-disk tester at a temperature of 25 °C. Some samples were heat treated in Argon at 850 °C to determine the effects of high temperature on the tribological performance and wetting characteristics of the Ag/Ti films.
MATERIALS
The tests conducted in this study were pin-on-disk tests.
Both the pins and the disks were made from Al 2 0 3 (99.4 percent pure).
The properties of the Al 2 0 3 and composition are given in Table 1 . The commercially obtained specimens were fabricated using cold pressing and sintering followed by finish grinding and polishing. The wear surfaces were finish polished to approximately 0.1 µm rms. The pins were hemispherically tipped with a 2.54 cm radius of curvature and were tested bare, with no coatings. The disk wear surfaces were flat. Some were sputter coated with titanium and silver as adhesion enhancing and lubricating films respectively. As a control sample, some silver films were deposited without a titanium bond layer.
The films were sputter deposited as follows: first the disks were sputter cleaned using argon ions at 0.500 kW at 20 mtorr for 5 min; titanium was then deposited at 0.500 kW, To test the specimens, the disk was first mounted onto the test rig spindle. Total indicated run-out (T.I.R.) for the face was measured and kept to less than 0.025 mm to reduce dynamic loading forces during the test. The pin specimen was then mounted into its holder and aligned. The tests were run in ambient air at 1 m/sec sliding velocity (370 rpm) under a 4.9-N load. Testing for each specimen typically lasted 30 min although some specimens were run for up to 90 min of sliding.
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During the test, friction force, load force, specimen temperature and test humidity were recorded.
After testing, the specimens were removed and wear measurements were made using optical microscopy (to measure pin wear scar diameters) and stylus surface profilometry (to measure disk wear). To gain a better understanding of the wear process SEM/EDS X-ray analysis was also performed. Auger depth profiles were done on coated samples before and after heat treatments to help ascertain the effects of the heat treatment on the films.
RESULTS

Tribotests
The friction and wear results, averaged over the 30 min tests, are shown in Table II and plotted in Fig. 2 . For the following discussion, baseline data refers to tests of unlubricated alumina disks in sliding against alumina pins.
Control data refers to silver coated disks, without the titanium underlayer, sliding against alumina pins. Ag/Ti films refers to disk specimens coated with both the titanium underlayer and the silver lubricating layer.
The friction for the Ag/Ti films is 40 to 60 percent below the friction of the baseline unlubricated specimens.
Pin wear for the Ag/Ti film coated Al 2 O 3 is very low, Also shown in Table II is the friction and wear data for Ag/Ti samples which had been heat treated in argon for 1 hr at 850 °C. Although the friction and wear are slightly higher than the unheated specimens, the films are not visibly changed by the heat treatment. This indicates that the Ag/Ti films will probably be durable and functional during and after elevated temperature use. It is important to note that the films did not dewet or "ball up" during the heat treatment as shown in Fig. 3 for Ag films without the Ti adhesion layer. This is a further indication of the potential for high temperature use of the films. See Fig. 3 . Therefore, the use of Ag/Ti films may be extended to temperatures above 400 °C. The tribodata indicates that the disk wear is not reduced by use of the silver/Ti films nearly as much as the pin wear.
In fact, the disk wear is only reduced by a factor of about 2.5. This is partly due to the fact that the disk wear volume includes the soft Ag/Ti film wear and can not distinguish the amount of actual substrate wear from the film wear. Therefore, when judging the effectiveness of the lubricity of the Ag/Ti films, it is more appropriate to consider the pin wear.
It has been discussed that the titanium adhesion layer 
